Abstract Iron-sulfur clusters are one of the most ubiquitous redox centers in biology. Ironically, ironsulfur clusters are highly sensitive to reactive oxygen species. Disruption of iron-sulfur clusters will not only change the activity of proteins that host ironsulfur clusters, the iron released from the disrupted iron-sulfur clusters will further promote the production of deleterious hydroxyl free radicals via the Fenton reaction. Here, we report that ferritin A (FtnA), a major iron-storage protein in Escherichia coli, is able to scavenge the iron released from the disrupted iron-sulfur clusters and alleviates the production of hydroxyl free radicals. Furthermore, we find that the iron stored in FtnA can be retrieved by an iron chaperon IscA for the re-assembly of the iron-sulfur cluster in a proposed scaffold IscU in the presence of the thioredoxin reductase system which emulates normal intracellular redox potential. The results suggest that E. coli FtnA may act as an iron buffer to sequester the iron released from the disrupted iron-sulfur clusters under oxidative stress conditions and to facilitate the re-assembly of the disrupted iron-sulfur clusters under normal physiological conditions.
Introduction
Iron-sulfur clusters represent one of the major ironcontaining cofactors in living organisms. Throughout evolution, iron-sulfur clusters have become integral parts of diverse physiological processes ranging from respiratory electron transfer, sugar metabolism, nitrogen fixation, photosynthesis, amino acids biosynthesis, heme and biotin biosynthesis, intracellular iron homeostasis, RNA modification, DNA synthesis and repair, and the regulation of gene expression (Beinert et al. 1997; Kiley and Beinert 2003; Johnson et al. 2005; Rouault and Tong 2005; Fontecave 2006; Lill and Muhlenhoff 2006) . It is now clear that the biogenesis of iron-sulfur clusters is not a spontaneous process. Increasing evidence has suggested that the iron-sulfur cluster assembly requires multiple proteins which are highly conserved from bacteria to humans Rouault and Tong 2005; Lill and Muhlenhoff 2006) . In Escherichia coli, at least two gene clusters iscSUA-hscBA-fdx (Zheng et al. 1998 ) and sufABCDSE Outten et al. 2004 ) have been identified as critical for the biogenesis or repair of iron-sulfur clusters. Whereas deletion of iscSUAhscBA-fdx severely decreases the iron-sulfur cluster assembly activity in E. coli, deletion of both iscSUAhscBA-fdx and sufABCDSE results in an inviable phenotype . Among the proteins encoded by the gene clusters, IscS is a cysteine desulfurase containing a pyridoxal-5-phosphate (Flint 1996; Cupp-Vickery et al. 2003) . IscS catalyzes desulfurization of L-cysteine and transfers sulfane sulfur for the iron-sulfur cluster assembly in a proposed scaffold IscU (Agar et al. 2000; Smith et al. 2001; Urbina et al. 2001; Kato et al. 2002; Smith et al. 2005 ) which eventually transfers the assembled clusters to target proteins (Wu et al. 2002; Unciuleac et al. 2007) . Two heat shock cognate proteins, HscB and HscA, specifically interact with IscU (Silberg et al. 2004; Tapley and Vickery 2004) and stimulate the transfer of the assembled clusters from IscU to apo-ferredoxin in an ATP-dependent reaction (Chandramouli and Johnson 2006) . SufS and IscS are paralogs with 30% sequence identity. The catalytic activity of SufS is relatively low, but can be stimulated by SufE and SufBCD complex (Loiseau et al. 2003; Outten et al. 2003) . Recent studies further indicated that SufS transfers sulfane sulfur to SufB via SufE (Layer et al. 2007 ). IscA and SufA are also paralogs with 46% sequence identity. It was reported that both IscA and SufA can host transient iron-sulfur clusters, thus being proposed as alternative scaffold proteins (Krebs et al. 2001; Ollagnierde-Choudens et al. 2001; Wollenberg et al. 2003; Sendra et al. 2007 ). However, unlike IscU (Agar et al. 2000) , IscA and SufA show a strong iron binding affinity with an iron association constant of 2.0 9 10 19 M -1 in the presence of the thioredoxin reductase system Ding et al. 2005a, b; Yang et al. 2006; Lu et al. 2008) . Furthermore, the iron-bound IscA and SufA can efficiently provide iron for the iron-sulfur cluster assembly in IscU (Ding et al. , 2005a Yang et al. 2006; Lu et al. 2008) . These results suggested that the primary function of IscA/SufA may be to recruit intracellular iron and deliver iron for the biogenesis of iron-sulfur clusters. Based on these studies, we proposed that IscA/SufA (an iron donor) and IscS/SufS (a sulfur donor) may work in concert to coordinately deliver the iron and sulfur for the iron-sulfur cluster assembly in scaffold proteins IscU or SufBCD complex (Yang et al. 2006; Lu et al. 2008) .
Ironically, iron-sulfur clusters are highly sensitive to reactive free radicals Jang and Imlay 2007) . Disruption of iron-sulfur clusters will not only change the activity of proteins that host ironsulfur clusters (Kiley and Beinert 2003) , the iron released from the disrupted iron-sulfur clusters will further promote the production of deleterious hydroxyl free radicals via the Fenton reaction (Keyer and Imlay 1996) . The mechanisms underlying the sequestration of the iron released from the disrupted iron-sulfur clusters and the subsequent repair of the iron-sulfur clusters have not been fully understood. Here, we report that ferritin A (FtnA), a major iron storage protein in E. coli (Hudson et al. 1993; Abdul-Tehrani et al. 1999) , is able to scavenge the iron released from the disrupted iron-sulfur clusters and alleviates the iron-mediated production of hydroxyl free radicals in the presence of hydrogen peroxide. Furthermore, we find that the iron stored in FtnA can be retrieved by IscA for the iron-sulfur cluster assembly in IscU in the presence of the thioredoxin reductase system. The physiological roles of ferritins in cellular response to oxidative stresses and in repair of the disrupted ironsulfur clusters will be discussed.
Materials and methods

Protein preparation
The DNA fragment encoding FtnA was amplified from E. coli genomic DNA. Two primers, FTN-1, 5 0 -GAGCACTACCATGGTGAAACCAGAAA-3 0 and FTN-2, 5 0 -GAGCATTAGTTAAGCTTGTCGAGGG T-3 0 were used for the PCR amplification. The PCR product was digested with two restriction enzymes HindIII and NcoI, and ligated into an expression vector pET28b
+ . The cloned DNA fragment was confirmed by direct sequencing using T7 primers. Recombinant FtnA was prepared following the procedures as previously described (Yang et al. 2002) . The gel filtration analyses showed that recombinant FtnA was a homopolymer of 24 subunits with a molecular weight of *440 kDa as reported previously by others (Hudson et al. 1993) . The E. coli thioredoxin 1 (Veine et al. 1998 ) and thioredoxin reductase (Mulrooney 1997) were prepared as described in Ding et al. (2005b) . The purity of purified proteins was greater than 95% as judged by the SDS electrophoresis analysis followed by staining with the Coomassie blue.
Measurements of hydroxyl free radicals
Hydroxyl free radicals were measured following the procedure described by Halliwell et al. (1987) . Briefly, hydroxyl free radicals generated in solution degrade 2-deoxyribose and form a malondialdehydelike compound which reacts with thiobarbituric acid to generate a chromogen. In the experiments, the IscU [2Fe-2S] cluster or freshly prepared Fe(NH 4 ) 2 (SO 4 ) 2 was incubated with potassium phosphate buffer K 2 PO 4 (10 mM) (pH 7.4), NaCl (60 mM), 2-deoxyribose (4 mM) at 37°C for 10 min before hydrogen peroxide (0.5 mM) was added to initiate the Fenton reaction. The reactions were continued at 37°C for additional 25 min. A developing solution containing 1% thiobarbituric acid and 2.8% trichloroacetic acid (400 ll) was then mixed with the above incubation solutions (600 ll), and boiled for 15 min. The mixtures were centrifuged at 14,000 rpm for 15 min. The amounts of the chromogen in the supernatants were measured from the emission at a wavelength of 553 nm using an excitation wavelength of 532 nm in a Perkin-Elmer LS-3 Fluorometer.
Iron binding analyses
The iron binding in proteins was analyzed after the proteins were incubated with freshly prepared Fe(NH 4 ) 2 (SO 4 ) 2 in the presence of the thioredoxin reductase system, followed by re-purification of the protein using a Mono-Q column (0.98 ml) as described previously (Ding et al. 2005a, b) . The re-purification procedure did not affect the iron binding in FtnA, as over 95% of the total iron content remained in the protein after passing through the Mono-Q column. The total iron content in the eluted samples was determined using the Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) (Department of Geology and Geophysics/LSU) or an iron indicator ferrozine (Yang et al. 2006) . The iron-ferrozine complex was measured at 564 nm using an extinction coefficient of 27.9 mM -1 cm -1 (Cowart et al. 1993) . Both iron analysis methods produced similar results.
Iron-sulfur cluster assembly in IscU
For the iron-sulfur cluster assembly reactions, IscU (50 lM) was pre-incubated with cysteine desulfurase IscS (1 lM) and Fe(NH 4 ) 2 (SO 4 ) 2 (400 lM) in the presence of the thioredoxin reductase system (thioredoxin-1 (5 lM), thioredoxin reductase (0.5 lM) and NADPH (500 lM)) at 37°C for 5 min. If indicated, the iron-bound IscA or FtnA was used instead of Fe(NH 4 ) 2 (SO 4 ) 2 as the iron donor. The iron-sulfur cluster assembly was initiated by adding L-cysteine (1 mM) and monitored in the Beckman DU640 spectrometer. After incubation, the IscU [2Fe-2S] cluster was re-purified using a Mono-Q column as described previously (Yang et al. 2006) .
Results
Hydrogen peroxide disrupts the IscU [2Fe-2S] cluster and promotes the production of hydroxyl free radicals
IscU is a well characterized scaffold protein for the biogenesis of iron-sulfur clusters (Agar et al. 2000; Unciuleac et al. 2007) . Purified E. coli IscU [2Fe-2S] cluster had a distinctive absorption peak at 456 nm (Agar et al. 2000; Yang et al. 2006) . The [2Fe-2S] cluster in IscU was relatively stable in the presence of the thioredoxin reductase system. However, when hydrogen peroxide was added to the incubation solution, the absorption peak at 456 nm of the IscU [2Fe-2S] cluster was quickly eliminated (Fig. 1) . The total iron and sulfur content analyses of the re-purified IscU confirmed that the IscU [2Fe-2S] cluster was converted to apo-IscU by hydrogen peroxide. The iron released from the disrupted iron-sulfur clusters could potentially promote the production of hydroxyl free radicals via the Fenton reaction (Keyer and Imlay 1996) . To test this idea, we utilized the 2-deoxyribose method (Halliwell et al. 1987) to measure the production of hydroxyl free radicals in solutions as described in the Materials and Methods. Figure 2 shows that the production of hydroxyl free radicals was almost linearly proportional to the concentration of the IscU [2Fe-2S] cluster in the incubation solution. The amount of hydroxyl free radicals generated by the IscU [2Fe-2S] cluster was also close to that when an equivalent amount of ferrous iron were used in the incubation solutions, suggesting that both iron released from the IscU [2Fe-2S] cluster by hydrogen peroxide contributed to the production of hydroxyl free radicals. Taken together, these results showed that hydrogen peroxide disrupts the IscU [2Fe-2S] cluster and that the iron released from the disrupted iron-sulfur clusters promotes the production of hydroxyl free radicals in the presence of the thioredoxin reductase system. Ferritin A alleviates the production of hydroxyl free radicals by scavenging the iron released from the IscU [2Fe-2S] cluster
To avoid the excessive production of deleterious hydroxyl free radicals, the iron released from the disrupted iron-sulfur clusters must be efficiently sequestered. Although IscA acts as an iron binding protein and provides iron for the biogenesis of ironsulfur clusters under physiologically relevant conditions Ding et al. 2005a, b; Yang et al. 2006) , IscA fails to bind any iron in the presence of hydrogen peroxide (Ding et al. 2007 ). Indeed, we found that addition of apo-IscA had no (Fig. 3) . Thus, other cellular proteins likely exist to scavenge the iron released from the disrupted iron-sulfur clusters under oxidative stress conditions. Increasing evidence indicated that ferritins, a large family of iron-storage proteins found in bacteria and mammalian cells (Andrews et al. 2003; Carrondo 2003; Liu and Theil 2005; Sargent et al. 2005; Galatro and Puntarulo 2007) , may have an important role in cellular defense against oxidative stresses (Abdul-Tehrani et al. 1999; Epsztejn et al. 1999; Cozzi et al. 2000; Bou-Abdallah et al. 2005; Zhao et al. 2006; Velayudhan et al. 2007) . In E. coli, there are at least four ferritin-like proteins: FtnA, ferritin B (FtnB), bacterioferritin (Bfr), and Dps (Andrews et al. 2003) . To examine whether ferritins could scavenge the iron released from the disrupted iron-sulfur clusters under oxidative stress conditions, we have used FtnA, a major iron storage protein in E. coli cells (Hudson et al. 1993 , Abdul-Tehrani et al. 1999 , as an example. Figure 3 shows that when apo-FtnA was incubated with the IscU [2Fe-2S] cluster and hydrogen peroxide in the presence of the thioredoxin reductase system, the production of hydroxyl free radicals was dramatically decreased.
To further test whether the iron released from the IscU [2Fe-2S] cluster was sequestered by apo-FtnA, both FtnA and IscU were re-purified after incubation with hydrogen peroxide using an anion exchange Mono-Q column. Figure 4a shows that the re-purified FtnA had a significant increase of the absorption at around 320 nm, indicative of iron binding in the protein. The total iron content analyses of the re-purified FtnA showed that over 90% of the iron in the IscU [2Fe-2S] cluster was transferred to apoFtnA after incubation with hydrogen peroxide (Fig. 4b ). These results demonstrate that apo-FtnA is able to scavenge the iron released from the disrupted iron-sulfur clusters and alleviates the production of hydroxyl free radicals in the presence of hydrogen peroxide.
The iron-bound FtnA is not an efficient iron donor for the iron-sulfur cluster assembly in IscU As a major iron-storage protein in E. coli, it is possible that FtnA may act as an iron donor for the biogenesis of iron-sulfur clusters. To test this idea, the iron-bound FtnA (the ratio of iron to the FtnA monomer was about 4) was incubated with IscU, cysteine desulfurase IscS and L-cysteine in the presence of the thioredoxin reductase system at 37°C anaerobically. Figure 5a shows that little or no iron-sulfur clusters were assembled in IscU after 30 min incubation. Increase of the iron-bound FtnA concentration by 5-fold in the incubation solution did not significantly increase the iron-sulfur cluster assembly in IscU (data not shown). In contrast, when the iron-bound IscA was used as the iron donor, an absorption peak at 456 nm of the IscU [2Fe-2S] cluster quickly appeared as we reported previously (Yang et al. 2006) . Thus, unlike the iron-bound IscA, the iron-bound FtnA is not an efficient iron donor for the iron-sulfur cluster assembly in IscU.
IscA can retrieve iron from the iron-bound FtnA
In the presence of the thioredoxin reductase system IscA acts as a strong iron binding protein with an iron association constant of 2.0 9 10 19 M -1 (Ding and Fig. 3 FtnA alleviates the iron-mediated production of hydroxyl free radicals. Different concentrations of apo-IscA and apo-FtnA were mixed with the IscU [2Fe-2S] cluster (5 lM), 2-deoxyribose (4 mM), potassium phosphate (10 mM) (pH 7.4), and NaCl (60 mM) at 37°C for 10 min before H 2 O 2 (0.5 mM) was added to initiate the Fenton reaction. The relative amounts of hydroxyl free radicals were measured as described in the Section ''Materials and methods Ding et al. 2005a, b) . This led us to speculate that IscA may be able to compete with FtnA for iron binding under normal physiological conditions. In the experiments, apo-IscA was incubated with the iron-bound FtnA (the ratio of iron to the FtnA monomer was about 4) in the presence of the thioredoxin reductase system at 37°C for 1 h to establish the iron binding equilibrium. IscA and FtnA were then re-purified using a Mono-Q column. The total iron content analyses showed that a significant amount of iron was transferred from the iron-bound FtnA to apo-IscA after the incubation (Fig. 6b) . Under the same experimental conditions, IscU failed to retrieve any iron from the iron-bound FtnA in the presence of the thioredoxin reductase system (data not shown), suggesting that IscA, but not IscU, can acquire the iron from the iron-bound FtnA under physiologically relevant conditions. The non-denaturing polyacrylamide electrophoresis and the gel filtration chromatography studies indicated that IscA and the iron-bound FtnA did not form any stable protein complexes (data not shown), indicating that the iron-bound FtnA and apo-IscA did not transfer iron via a stable protein complex. Because the iron mobilization from ferritins requires reduction of ferric iron to ferrous iron (Liu and Theil 2005) , and IscA scavenges ''free'' ferrous iron only in the presence of the thioredoxin reductase system (Ding et al. 2005b) , we propose that the iron transfer from the iron-bound FtnA to apo-IscA is through the binding competition for ferrous iron in the presence of the thioredoxin reductase system. Apo-IscA mediates the iron-sulfur cluster assembly in IscU when the iron-bound FtnA is used as the iron source in vitro Since the iron-bound IscA can provide iron for the iron-sulfur cluster assembly in IscU (Fig. 5) , and apo-IscA can retrieve iron from the iron-bound FtnA (Fig. 6) , we reasoned that apo-IscA may promote the iron-sulfur cluster assembly in IscU when the ironbound FtnA is used as the iron source. Indeed, addition of apo-IscA significantly increased the ironsulfur cluster assembly in IscU under the experimental conditions (Fig. 7) . Re-purification of IscU from the incubation solution further revealed that the ironsulfur clusters were assembled in IscU, but not in IscA (data not shown). Thus, the iron stored in FtnA can be mobilized by IscA for the iron-sulfur cluster assembly in IscU in the presence of the thioredoxin reductase system.
Discussion
Ferritins are a large group of iron-storage proteins found in diverse organisms (Andrews et al. 2003; Carrondo 2003; Liu and Theil 2005; Sargent et al. 2005; Galatro and Puntarulo 2007) . In mammals, ferritins consist of 24 subunits of two types, H and L (Liu and Theil 2005) . Under aerobic conditions, ferrous irons are rapidly oxidized to the mineral ferrihydrite by the built-in di-iron ferroxidase in ferritin H subunits (Sargent et al. 2005) . Up to 4500 iron atoms can be stored inside an approximately 8 nm nanocage of the ferritin polymer (Andrews et al. 2003; Carrondo 2003; Liu and Theil 2005; Sargent et al. 2005) . Over-expression of human H subunit ferritin in cultured HeLa cells and eryhtroid cells renders the cells resistive to hydrogen peroxide (Epsztejn et al. 1999; Cozzi et al. 2000) . In vitro electron paramagnetic resonance (EPR) spin-trapping study also indicates that human H subunit ferritin can detoxify the iron-mediated production of hydroxyl free radicals (Zhao et al. 2006) . In mitochondria (Galatro and Puntarulo 2007) and microbes (Andrews et al. 2003; Carrondo 2003) , ferritins exist as a homopolymer composed of 24 identical ''H-type'' subunits. In bacteria, genetic studies also suggested that ferritins have an important role in the cellular defense against oxidative stresses (Abdul-Tehrani et al. 1999; Velayudhan et al. 2007 ). Here, we report that purified FtnA, a major iron-storage protein in E. coli (Hudson et al. 1993; Abdul-Tehrani et al. 1999) , is able to scavenge the iron released from the disrupted iron-sulfur clusters and alleviates the ironmediated production of hydroxyl free radicals in the presence of hydrogen peroxide in vitro (Figs. 3, 4) . The results provide biochemical evidence showing that ferritins can effectively prevent the production of hydroxyl free radicals due to the disruption of ironsulfur clusters under hydrogen peroxide stress.
While the mechanism by which iron enters ferritins has been well characterized (Liu and Theil 2005) , much less is known on how the iron is released from ferritins. At least two models have been proposed for the iron release from ferritins. In the first model, the iron-bound ferritins are degraded in lysosomes, resulting in iron release to cytoplasm (Radisky and Kaplan 1998; Kidane et al. 2006) . However, the questions as how ferritins enter lysosomes and how iron is released to cytoplasm still remain to be addressed. Also, there are no lysosomes for possible degradation of ferritins in bacteria. In the second model, the ferritin pores formed in the interface of the subunits may reversibly unfold and fold to allow the iron release from ferritins (Liu et al. 2003; De Domenico et al. 2006) . Recent studies further revealed that some specific peptides are able to promote the iron release from ferritins (Liu et al. 2007) , supporting the notion that the iron release from ferritins may be regulated by other proteins. Here we show that in the presence of the thioredoxin reductase system which emulates normal intracellular redox potential (Aslund and Beckwith 1999) , the iron bound in FtnA can be retrieved by an iron binding chaperon IscA without any degradation of FtnA (Fig. 6) . Since IscA only binds ferrous iron (Ding et al. 2005a, b) , we propose that ferric iron stored in FtnA is first reduced to ferrous iron by the thioredoxin reductase system, making the iron accessible for IscA to bind. Nevertheless, we were unable to mobilize all iron from FtnA for the iron binding in IscA under the experimental conditions. It is likely that additional protein partners are required to completely release iron from ferritins (Liu et al. 2007) .
The finding that IscA can retrieve the iron from the iron-bound FtnA provides new evidence for the notion that IscA is a physiological iron donor for the assembly or repair of iron-sulfur clusters (Ding et al. 2005a, b; Yang et al. 2006 , Lu et al. 2008 . We show here that IscA and FtnA have very different iron A B binding properties. Under normal physiological conditions (e.g. in the presence of the thioredoxin reductase system), IscA is a strong iron binding protein that can retrieve iron from the iron-storage protein FtnA (Fig. 6 ). However, under oxidative stress conditions (e.g. in the presence of hydrogen peroxide), IscA fails to bind any iron (Ding et al. 2007) (Fig. 3) , whereas FtnA becomes a potent iron binding protein to scavenge the iron released from the disrupted iron-sulfur clusters. The iron binding in FtnA effectively prevents the production of hydroxyl free radicals (Fig. 3) , likely because the built-in ferroxidase of FtnA converts ferrous iron to mineral ferric iron and alleviates the Fenton reaction (BouAbdallah et al. 2005) . When normal physiological conditions are re-established, IscA retrieves the iron from FtnA for the re-assembly of the disrupted ironsulfur clusters in proteins. Figure 8 summarizes the interplay of IscA and FtnA for the iron binding under normal physiological and oxidative stress conditions. The dynamic iron binding equilibrium between IscA and ferritins is expected to prevent the iron-mediated production of hydroxyl free radicals under oxidative stress conditions and yet ensure the iron supply for the biogenesis and/or repair of iron-sulfur clusters under normal physiological conditions. 
